Introduction
The outstanding electrical [1] , optical [2] , and mechanical properties of graphene make it a promising candidate for flexible [3] and transparent electrode applications [4] . Although there has been considerable effort to commercialize graphene as a transparent electrode [5] , it is still less competitive compared to other, conventional transparent electrodes [6] . In order to allow for mass production of graphene, researchers have developed various cost-effective, scalable manufacturing processes to produce large-scale, high quality graphene films using chemical vapor deposition (CVD) growth, CVD-grown graphene films larger than 30 inches have been reported by Bae et al [5] . Moreover, the speed of synthesis has been significantly improved using rapid heating methods such as a halogen heater [7] and the joule heating method [8] . The synthesized graphene can be transferred onto the desired substrate using a variety of methods such as the carrier film method [5, 9] , bubble transfer method [10] , or direct separation method from the copper foil [11, 12] . As evidenced by these developments, significant progress has been made toward large-scale synthesis and transfer of graphene, which could be integrated into a roll-toroll manufacturing system for graphene electrodes. One of the most important challenges remaining for commercializing graphene electrodes is to develop a graphene patterning technique compatible with rollto-roll manufacturing methods.
The conventional approach for patterning graphene is photolithography, which requires multiple Mechanics-driven patterning of CVD graphene for roll-based manufacturing process steps that include photoresist (PR) coating, UV exposure, PR developing, graphene etching, and PR removal [13] . Because these multiple steps deteriorate the costeffectiveness of roll-to-roll manufacturing, alternative methods such as laser-assisted transfer printing [14] , micro molding method using polydimethylsiloxane (PDMS) stamps [15] [16] [17] , and the photo-roll lithography method [18] have been suggested to improve the simplicity and productivity of the patterning process. However, these conventional methods suffer from the need for expensive laser irradiation, low durability of the PDMS stamps, and multiple expensive steps of UV exposure and PR processing, respectively. Therefore, a cost-effective patterning technology remains as the only obstacle limiting the roll-to-roll manufacturing of graphene electrode films [19] .
In this study, we present a novel roll-based patterning technology for producing CVD graphene that does not rely on a high-energy source, or UV exposure and PR process. This technology was realized by making use of the softening behavior of Cu foil (the catalyst substrate for graphene growth), then using highly durable Ni stamps to pattern the graphene at room temperature. This roll-based patterning process is suitable for scaling up the patterning area and achieving high productivity in roll-to-roll manufacturing of CVD graphene, but has difficulty in accurate alignment compared to conventional optical mask aligners for semiconductor process. Considering this alignment issue, the main applications for the proposed method could be for bottom electrodes of flexible and transparent electronic devices, and some electrical or electrochemical elements like supercapacitors.
Results

Microstructural change of Cu foils during synthesis of graphene
Thermal CVD is a well-known process in which Cu foil is exposed to H 2 and carbon-gas precursor (such as C 2 H 4 or CH 4 ) compounds at high temperature that decompose on the surface of the Cu to feed the graphene growth [20] [21] [22] . During CVD graphene growth, the high temperature annealing process plays an essential role in the Cu grain growth. As-received Cu foils exhibit small grain sizes (confirmed by EBSD analysis). Small grain size then results in strengthening, according to the Hall-Petch relation, where the yield strength of Cu is expected to increase with reduction of grain size ( / σ d 1 YS ) [23] . As the Cu foil is subjected to heat treatment, the yield strength of the Cu foil can decrease as grain growth occurs. This phenomenon was used as means to control the strength of the underlying foil for more precise graphene patterning [24, 25] .
Cu foil samples were annealed in Ar gas (300 sccm) at different temperatures of 200, 400, 600, 800 and 1000 °C for 1 h in a tube furnace CVD chamber of 4 inch diameter under 640 mTorr. The tube furnace CVD chamber was also utilized for graphene growth. With respect to the melting point of Cu (1083 °C), these temper atures correspond to 18%, 37%, 55%, 74% and 92%, of the melting temperature. Mechanical characterization was conducted using nano-indentation (MTS Nanoindenter XP) and and using tensile testing (Universal Testing Machine RB 302 ML). Nano-indentations were conducted up to a load of 500 mN in continuous stiffness mode, with a Berkovich tip. Tensile tests were conducted using a dog bone specimen of the standard ASTM geometry. Scanning electron microscopy with electron-backscatter diffraction (SEM-EBSD) was used to characterize changes in the Cu microstructure as a function of the annealing temper ature.
The nano-indentation test results in figure 1(a) showed that the hardness (as analyzed by the Oliver and Pharr method) of the as-received Cu was 2 GPa while that of the Cu annealed at 1000 °C was 0.75 GPa and the hardness of Ni stamp was 4.8 GPa. Even when annealed at 200 °C, the hardness of the Cu foil dramatically decreased (by ~50%). EBSD analysis showed increase of grain size with increase of the annealing temperature. Drastic differences in grain size occurred, from several micrometers (average diameter: 5.9 ± 0.8 µm) to over tens of micrometers (average diameter: 75 ± 16 µm) in as-received and 1000 °C annealed Cu foil respectively. It is noteworthy that as-received Cu foils have microcrystalline structures which result in high hardness. Similarly, the tensile test results in figure 1(b) showed dramatic decrease in yield strength with increase in the annealing temperature. The yield strength (5% offset strength) of the as-received Cu foils was 380 MPa, while that of the Cu foils annealed at 1000 °C was 21 MPa. For precise patterning of the Cu foils via mechanical imprinting, it is beneficial to have a substrate with lower strength so that the stamp pattern transfers clearly onto the substrate, as shown in figure 1(c). Therefore, we take advantage of the softening mechanism of Cu induced by high-temperature annealing during CVD graphene synthesis and develop a simple and efficient roll-based method for graphene patterning. We utilized a roll-toplate transfer machine to demonstrate the proposed patterning method, and it is straightforward to replace the roll-to-plate machine with a roll-to-roll machine.
Mechanics-driven patterning of CVD graphene under room temperature
Based on the softening mechanism of Cu that occurs during high-temperature growth of graphene, the graphene was patterned by imprinting a patterned Ni stamp on Cu foils coated with CVD graphene. Ni was selected as the stamp material because it has higher hardness than Cu and is easy to handle. A Ni stamp with strip patterns of 30 µm pitch, 5 µm linewidth, and 10 µm height was prepared by electroplating a 2 mm thick Ni film on a pre-patterned silicon wafer and then the electrodeposited Ni film is separated from the wafer. The roller stamp was prepared by attaching a 2 cm × 2 cm patterned Ni stamp to a roller. The roll-to-plate transfer machine has a roller with a width of 150 mm and a diameter of 170 mm. A proportionalintegral-derivative (PID) feedback module coupled with two load-cells and two z-axis actuators controls the stamping load via the roller stamp. The stamping load has a significant impact on the pattern fidelity, and the pattern uniformity is affected by the uniformity in the load distribution in the directions of rolling and the roll axis. In order to ensure the contact between the stamp and the Cu foil, the automated roller stamp was slowly moved along the z-axis until the stamping load reached 10 N. After ensuring the contact, the roller stamp was moved further until the prescribed stamping load was achieved, then rolling of the stamp started and proceeded at 60 mm min −1 during the patterning step. The schematic for patterning the graphene is shown in figure 2(a) . First, Cu foils were annealed at high temperature (1000 °C) for CVD growth of graphene using the conditions reported in [26] . Second, Cu foil coated with CVD graphene was placed under a Ni stamp and was applied with a pre-scribed load. The achievable minimum pattern could be dependent on substrate thickness, surface roughness, stamp geometry, and stamping process. The thickness of Cu can affect the incompressible deformation of Cu during the stamping process. When the thickness is much larger than the pattern height, the required patterning load is nearly independent of the thickness. On the other hand, when the thickness is comparable to the pattern height, the required patterning load is largely affected by the thickness. The roughness has more profound effect on the patterning process. When the roughness is larger than the pattern height or spacing, it is difficult to obtain uniform patterns over a wide area. Third, a carrier film was attached to the patterned CVD graphene and the Cu foil was removed by etching in ammonium persulfate (APS) solution [27] . Graphene on the impressed region in the Cu foil by the Ni stamp was unable to make contact with the carrier film, and was washed away during the Cu foil etching process. Finally, the remaining graphene pattern on the carrier film was transferred to the target substrate. Raman spectroscopy confirmed that the patterning process did not degrade the quality of the graphene, as shown in figure S1 (stacks.iop.org/TDM/4/024003/mmedia). It is important to note that a softer Cu foil requires lower imprinting pressure. Therefore, the resolution and process conditions of imprinting are greatly affected by the mechanical properties of the annealed Cu foil, where softer Cu with small hardness results in larger impression in the 'stamped' section (under same applied load to the Ni stamp) and thus allow for the carrier film to be in contact with only the 'non-pressed' portion for cleaner transfer of the patterned graphene film. The effect of different strength of Cu foil will be quantitatively examined by finite element analysis in the following section.
The fabricated graphene patterns were analyzed using atomic force microscopy (AFM). The dimensions of the patterns on the Ni stamp, and on the Cu foil coated by graphene, are shown in figures 2(b) and (c). Three types of Cu foils with different annealing temperatures were compared under the identical imprinting load of 80 N ( figure 2(d) ). We tested the stamping loads of 0, 20, 40, 60, and 80 N, respectively (figure S2) to make patterns on the graphene grown Cu foils. With the stamping loads less than 80 N, the pattern transfer became incomplete because of the surface roughness and the grain boundaries of the Cu foils, which prevent conformal contact between the stamp and the Cu foils. For this specific type of pattern, it is required to have a stamping load over the 80 N for uniform patterns. The height of the imprinted pattern increased with increase of the annealing temperature while the pitch of the pattern remained unchanged. Owing to the ultra-low yield strength of the annealed Cu foil at 1000 °C, the pattern fidelity between the Ni stamp and the Cu foil was very high. Pattern formation based on the proposed technology can be scaled down to sub-micron scale or scaled up to micron scale. Creating a microscale radio frequency identification (RFID) antenna with a line width of 5 µm, and nanoscale donut patterns with a line width of 200 nm was successfully demonstrated (figure S3). However, these methods promote the graphene application needed to integrating into a roll-to-roll system overcome alignment limitation for electronic devices such as thin film transistor (TFT) devices structure. To extend this method for the graphene based application need further studies to improve alignment issues in high precision patterning.
Finite element analysis of the mechanicsdriven patterning process
Finite element analysis (FEA) was carried out using ABAQUS/Explicit to understand the softening mechanism behind the pattern formation. Figure 3(a) shows a schematic of the plastic deformation that occurs on the Cu foil during the patterning process. The material properties used in the FEA were derived from tensile testing shown in figure 1 and are listed in table 1. The yield strength of the Cu foil was taken to be equivalent to the experimentally determined values that are dependent on the annealing temperatures. A simulation model for Cu foil with a thickness of 35 µm, pressed by a rigid stamp with pattern width, height, and spacing of 5, 3 and 30 µm, respectively, is shown in the inset in figure 3(b) . Plane-strain elements and rigid elements, were used for the deformable Cu, and the rigid Ni stamp, respectively. The bottom face of the Cu foil was in a fixed boundary condition, and both side edges of the Cu foil were in a symmetric boundary condition. To confirm the softening mechanism of the Cu foil, we compared deformation of the as-received Cu foil with that of the Cu foil annealed at 1000 °C. The relationship between displacement and applied load under quasistatically increasing load, is shown in figure 3(b) . Clearly, the annealed Cu foil with lower yield strength underwent greater displacement than the as-received one under the same load. The strain distribution and the deformed shape, are shown in figure 3(c) at an applied pressure of 137.1 MPa, highlighting the difference in deformation characteristics between asreceived and annealed Cu foils.
The drastic difference in strain distribution and deformation morphology between the as-received and annealed Cu foils results from the different yield strength and stress-strain relationship. These are induced by the mechanical softening of Cu that results from the high-temperature annealing process. To understand the deformation mechanics during the stamp imprinting process, four steps of deformation phases were identified from FEA, as follows (refer to figure 3(a) ). First, when the Ni stamp makes contact with the Cu surface, elastic deformation occurs along the faces in contact with the embossed features of the stamp. Second, as the applied load increases further, the elastically deformed region undergoes plastic deformation and the Cu foil continuously protrudes into the concave space of the stamp. Third, the protruded Cu starts to fill the remaining space within the concave feature of the stamp eventually pressing up against the stamp itself, which causes further elastic deformation. Finally, further increase in applied pressure causes the plastic flow of Cu to fill completely the concave features, leading to over-compression of the Cu foil. Note that the over-compression makes separation between the stamp and the sample difficult. The experimental results indicate that pressure less than 130 MPa is not sufficient to compensate for the Cu foil roughness, and results in an incomplete transfer of the patterned graphene. However, pressures greater than 130 MPa lead to over-compression that makes difficult separation of the stamp and Cu foil annealed at 1000 °C. The proposed patterning technology of CVD graphene is highly related to the mechanical softening of the catalyst Cu foils, and graphene patterns with a variety of dimensions from sub-micron scale to microscale can be defined using imprinting stamps. This is highly beneficial for roll-based manufacturing, as can be seen in the following section [28] . 
Fabrication of an in-plane supercapacitor and its electrochemical performance
A significant advantage of the mechanics-driven patterning technique is that it is scalable for largearea patterning by developing a roll-to-plate system, as shown in figure 4(a) . Conventionally, Cu foils require an extra procedure of high-temperature annealing to pattern areas at the centimeter scale. The newly developed patterning technique requires no additional annealing steps as the Cu foil is annealed during thermal-CVD growth of the graphene. As proof of concept, we further adapted the new patterning technique to fabricate a transparent, flexible, in-plane micro-supercapacitor. Figure 4 (b) is a schematic illustration of the micro-supercapacitor with in-plane geometry fabricated using patterned CVD-grown monolayer graphene. A polyethylene terephthalate (PET) film was used as the substrate and the patterned graphene with eight comb fingers transferred to PET substrate was served as the supercapacitor electrode.
As an electrolyte, polyvinyl alcohol/H 2 SO 4 gel [29] was drop-casted onto the patterned electrodes and solidified overnight. The fabricated microsupercapacitor exhibited excellent transparency as shown in figure 4 (b) and the use of a PET film substrate with solid gel electrolyte enabled flexible bending of the device. To analyze the electrochemical performance of the fabricated micro-supercapacitor, cyclic voltammetry (CV) tests were conducted. Figure 4 (c) shows the CV curves obtained at different scan rates ranging from 0.05 to 10 V s −1 , and the results indicated nearly ideal capacitive behavior with symmetric rectangular CV curves. From the obtained CV curves, the electrochemical performance of the fabricated micro-supercapacitor was estimated by measuring calculating its area-specific capacitance (C area ).
The area-specific capacitance values can be calculated according to the following equation (1),
where ν is the scan rate (V s −1 ), A is the electrode area (cm 2 ), V f and V i are the potential limits (V) of voltammetric measurement and I(V ) is the current (A) in voltammetric curve. As seen in figure 4(d) , the area-specific capacitance value was 5.0 µF cm −2 (at a scan rate of 0.05 V s −1 ) and decreased as the scan rate increased. The decrease of area-specific capacitance was likely attributed to the moderate electrical conductivity of patterned electrode, since CVD-grown monolayer graphene transferred to PET substrate typically exhibits relatively higher sheet resistance with a few hundred ohms per square. In addition to capacitance values, the power and energy densities (figure S4) (P and E, respectively) can be derived from the CV curves using following equations (2) and (3) [30] ,
where V id is the initial potential and V fd is the final potential during discharge. It is noted that the area-specific capacitance of the fabricated microsupercapacitor is comparable to that of previously reported supercapacitors [31, 32] based on similar electrodes of a few layers of CVD-grown graphene.
Conclusions
In summary, we report a mask-less, photoresistfree technology for patterning graphene at room temperature, which is fully compatible with roll-based manufacturing of graphene for transparent electrode and energy storage applications. The proposed patterning technology relies on softening mechanics of the Cu catalyst foil that results from grain growth during high-temperature CVD growth of graphene. We have demonstrated microscale and sub-microscale patterns and a transparent in-plane supercapacitor based on CVD-graphene using the proposed patterning method with a rolling speed of 60 mm min −1 . This mechanics-driven patterning method could provide researchers with a viable roll-based technology for patterning CVD graphene, which was one of the most challenging issues in the roll-to-roll manufacturing of graphene electrodes.
